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We present our experimental setup to produce ultracold strongly correlated fermionic superfluids
made of a two-component spin-mixture of 6Li atoms. Employing standard cooling techniques, we
achieve quantum degeneracy in a single-beam optical dipole trap. Our setup is capable of generating
spin-balanced samples at temperatures as low as T/TF = 0.1 containing up to 5× 104 atomic pairs.
We can access different superfluid regimes by tuning the interparticle interactions close to a broad
magnetic Feshbach resonance. In particular, we are able to explore the crossover from the molecular
Bose-Einstein condensate (BEC) to the Bardeen-Cooper-Schrieffer (BCS) superfluid regimes.
PACS numbers: 67.85.-d; 67.85.Lm; 67.25.D-
1. INTRODUCTION
Quantum gases are macroscopic quantum many-body
systems that represent a unique scenario to study quan-
tum phenomena such as superfluidity and macroscopic
quantum excitations [1]. Moreover, ultracold atoms have
emerged as ideal quantum simulators of many-body phe-
nomena, becoming effective testbeds of quantum Hamil-
tonians. Indeed, the combination of ultracold atoms and
optical potentials has opened up a new way of studying
condensed matter problems with unprecedented clarity
[2]. This is possible thanks to the high level of controlla-
bility that quantum gases offer. The dimensionality and
geometry of the system can be precisely modified by tai-
loring trapping potentials with laser light and magnetic
fields. The thermodynamic properties of the gas, such as
density, temperature, and volume can be easily manipu-
lated. Full control of interparticle interactions is possible
via magnetic Feshbach resonances [3]. Even the quan-
tum statistics of the system can be changed by choos-
ing fermionic or bosonic atoms. These are very powerful
tools that distinguish ultracold atomic gases from ordi-
nary condensed matter systems.
At ultralow temperatures, diluted gases composed of
alkali-metal atoms interact predominantly through the
s-wave scattering channel, since at such low energies,
higher order collision channels are highly suppressed. In
the case of ultracold bosons, Bose-Einstein condensation
is possible and superfluidity emerges as long as the s-wave
scattering length as has a non-vanishing value [1].
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dad de Me´xico, Mexico
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The case of ultracold identical fermions is strikingly
different. In this case, s-wave scattering is also sup-
pressed due to Pauli blocking, making these systems
nearly non-interacting and, in consequence, they do not
exhibit superfluid behavior even at zero temperature.
The quantum degenerate state corresponds to an ideal
Fermi gas, also known as Fermi sea [4].
However, it is possible to introduce interactions into
the system by creating a two-component spin mix-
ture since Pauli blocking occurs only between identical
fermions, while atoms in different spin states still in-
teract via s-wave scattering. The absolute value of as
determines the interaction strength and its sign defines
whether the interaction is effectively repulsive (as > 0)
or attractive (as < 0). In fermionic systems, the inter-
action strength is usually described by introducing the
dimensionless interaction parameter (kF as)
−1, where kF
is the Fermi wave vector [5]. Additionally, the existence
of magnetic Feshbach resonances allows controlling the
value of the scattering length practically at will by apply-
ing a constant magnetic field into the system. Therefore,
varying the value of this external field makes the creation
of different interaction regimes possible, from weakly to
strongly interacting systems, from a repulsive to an at-
tractive gas [3]
A very important consequence of having such control
on interatomic interactions is the possibility of creat-
ing different types of bound states among the atoms.
For repulsive interactions, (kF as)
−1 > 0, a molecular
bound state exists in the interaction potential. In this
case, it is possible to associate diatomic molecules com-
posed by two identical atoms which, consequently, will
exhibit bosonic statistics making possible the emergence
of Bose-Einstein condensation of tightly bound molecules
[6–8]. On the other hand, for attractive interactions,
(kF as)
−1 < 0, the corresponding bound state occurs in
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2FIG. 1: Feshbach resonance for the two lowest hyperfine Zee-
man levels of 6Li. Different superfluid regimes are possible
depending on the value of the scattering length as.
momentum space due to many-body correlations at the
Fermi surface, giving rise to loosely bound Cooper-like
pairs whose behavior is well described by the BCS the-
ory [9–11]. In this way, the Feshbach resonance allows to
continuously transit from the BEC to the BCS regimes
through the so-called BEC-BCS crossover [12–14]. The
intermediate regime in which the scattering length di-
verges, (kF as)
−1 = 0, known as unitary limit, is par-
ticularly intriguing because the system is strongly inter-
acting and strongly correlated giving rise to interesting
physics. Indeed, being a universal regime, physics across
the BEC-BCS crossover is interesting due to its relation-
ship with other important phenomena such as high-Tc
superconductivity [15] and other strongly correlated su-
perfluids such as neutron stars or quark-gluon plasma
[16–18]. Figure 1 shows the Feshbach resonance for the
case of the two lowest hyperfine Zeeman levels of 6Li,
corresponding to the two Zeeman components of the ab-
solute ground state 22S1/2 F = 1/2, mF = −1/2 and
mF = +1/2, which we denote as |1〉 and |2〉 respectively.
Figure 1 also specifies the different superfluid states for
the different interaction regimes. This Feshbach reso-
nance is particularly broad, having a width of the order
of 300 G, enabling a very fine and precise control of the
scattering length.
In this paper we describe our newly built setup to pro-
duce ultracold atomic gases composed by fermionic 6Li
atoms in a balanced spin-mixture of the states |1〉 and
|2〉. We employ a standard Zeeman slower to decelerate
an atomic beam coming from an effusive oven. The de-
celerated atoms are trapped and further cooled down in a
magneto-optical trap in which subsequently sub-Doppler
cooling is used [19]. These laser cooled atoms are trans-
ferred into a single-beam optical dipole trap [19, 20]. Fi-
nally, quantum degeneracy is achieved by runaway evap-
oration. We produce ultracold samples in the different
superfluid regimes across the BEC-BCS crossover con-
taining about 5× 104 pairs at an approximate tempera-
ture of T/TF = 0.1.
The article is divided as follows. In Section 2 we pro-
vide details of our experimental setup, this includes the
ultra-high vacuum system, the laser system, the magnetic
field generation system, and the creation of conservative
potentials. Section 3 is devoted to the procedures used
to cool down the gas to quantum degeneracy: laser cool-
ing and evaporative cooling techniques, as well as details
on the production of a superfluid sample in different in-
teracting regimes. Finally, in Section 4, we present our
conclusions and future perspectives.
2. EXPERIMENTAL SETUP
2.1. The ultra-high vacuum system
Our ultra-high vaccum (UHV) system is divided in
three main sections, namely (i) the effusive oven; (ii) the
differential pumping stage, and (iii) the Zeeman slower
system and the main chamber where the sample is pro-
duced and the experiments performed. Each of these sec-
tions is pumped by a 200 l/s pumping system composed
by a combination of an ion pump and a non-evaporable
getter (model NEXTorr R© D 200-5 from SAES getters
Inc.). Figure 2 shows a scheme of our UHV, including a
detailed cut of our main chamber.
The effusive oven consists of a cylindrical recipient
which contains 5 gr of purified 6Li. The oven is heated to
a temperature of 450◦C, at this temperature the vapor
pressure of lithium is about 1×10−4 Torr [21]. The oven
is connected to the rest of the UHV system through a
4 mm diameter nozzle. The vapor produced in the oven
passes through this nozzle generating an atomic beam
that propagates through the rest of the system. We esti-
mate that the atomic flux of the beam effusing out from
the nozzle is of the order of 6× 1015 atoms/s [22].
The pressure right after the nozzle reaches a value well
above 10−9 Torr, which is too high for producing quan-
tum degenerate samples. To keep a sustained pressure
difference between the oven and the region in which ex-
periments are performed, we have placed a differential
pumping stage which consists of two aligned tubes sepa-
rated by 25 mm from each other: the first one, facing the
oven, has a 4.6 mm inner diameter and a second one, fac-
ing the Zeeman slower, is 7.7 mm inner diameter. This
scheme is designed to keep a pressure difference across
the differential pumping stage up to five orders of mag-
nitude. In this way, the pressure in the main chamber is
of the order of 10−11 Torr.
The main chamber is connected to the differential
pumping stage by a 56 cm long and 16.5 mm inner
diameter tube. Around this tube there is a conical
solenoid which is used to create a spatially inhomoge-
neous magnetic field which is required to implement a
Zeeman slower system (more details are provided in Sec-
tion 2.3.1).
3FIG. 2: Scheme of the ultra-high vacuum system including the Zeeman and the Feshbach coil systems. On the left we show a
cut of the main chamber, exhibiting the distribution of the Feshbach and MOT coils. See text for details.
Finally, the main chamber is a stainless steel custom-
made octagon chamber from Kimball Physics Inc. This
chamber contains eight CF40 viewports on its sides; two
CF100 vertical viewports, and ten CF16 viewports con-
nected to the chamber by arms extruded from it at an an-
gle of 13◦ from the horizontal plane. The Zeeman slower
tube is connected to the main chamber by one of these
arms while the Zeeman slower laser beam enters through
another one diametrically opposed with respect to the
center of the chamber. All viewports have anti-reflection
coating for all the wavelengths used in our experiment
(532 nm, 671 nm and 1064 nm).
We have placed on both CF100 flanges reentrant view-
ports of high optical quality whose inner face is very close
to the atoms, at a distance of only half an inch. This
opens the possibility of building a large numerical aper-
ture optical system to produce high resolution images of
the sample.
2.2. Laser system
2.2.1. Optical cooling scheme
To implement the different laser cooling techniques
in our experiment we use both the D2 and D1 opti-
cal transitions of 6Li [23]. We use two separate diode
lasers, one for each line. The emission frequency of these
lasers is locked-in into an atomic reference using a spec-
troscopy cell containing 5 gr of purified 6Li heated at
320oC where we implement standard saturated absorp-
tion spectroscopy (SAS) [24]. We use the same cell to
lock-in both lasers.
In the experiment, the D2 line is used first to imple-
ment the magneto-optical trap (MOT) and later, for the
optical molasses cooling stage, while the D1 line is subse-
quently used to apply a sub-Doppler cooling stage. The
natural linewidth of both lines is Γ = 2pi×5.87 MHz [25].
The main optical frequencies employed in our experiment
are shown in Figure 3.
To produce the D2 frequencies we have an extended-
FIG. 3: Level scheme (not to scale) for 6Li showing (left) the
D2 and (right) the D1 hyperfine structures and the transitions
used for the laser cooling processes. See text for details.
cavity diode laser (cat-eye configuration, model CEL002
from MOGLabs) which pumps an optical tapered ampli-
fier (model MOA002 also from MOGLabs). We divide
the amplified beam into two beams and independently
shift the frequency of each of them using two different
acousto-optic modulators (AOM). Next, each one of these
beams pumps another tapered amplifier and in this way
we generate two high power beams (power of ∼500 mW
each) at a wavelength of approximately 670.9 nm with a
frequency difference between them of 228.2 MHz, which
corresponds to the hyperfine splitting of the ground state
22S1/2 of
6Li. One of these beams, the one with lower
frequency, corresponds to the cooling frequency which is
red-detuned from the 22S1/2(F = 3/2) → 22P3/2 tran-
sition by 8.5 Γ (about 50 MHz). The second beam is
used as repumper frequency and is red-detuned from the
22S1/2(F = 1/2) → 22P3/2 transition by 8.5 Γ. Note
that we do not specify the hyperfine level of the excited
4FIG. 4: Simplified scheme of the laser cooling and imaging optical setup showing the main features of the system. Lenses and
waveplates have been omitted for clarity. See text for details.
state 22P3/2 in either the cooling nor repumper frequen-
cies. This is because the energy levels of these hyperfine
states are too close together, their separation is less than
Γ, and therefore we can not resolve them in our spec-
troscopy cell. We superimpose both beams using a 50:50
non-polarizing beam splitter which, hence, produces two
beams with the same power, each one carrying both cool-
ing and repumper frequencies. One of these beams is used
to generate the light for the MOT. To do so, we subse-
quently divide it into three equally powered beams and
couple each one into a polarization maintaining optical
fiber which brings the light directly to the experimental
region. The second beam coming from this 50:50 beam
splitter is additionally red-shifted by 76 Γ using an addi-
tional AOM. In this way we produce the Zeeman slower
beam (which also arrives into the experiment by a polar-
ization maintaining optical fiber). This large frequency
shift is chosen to match the Doppler and Zeeman shifted
D2 line levels of the fast atoms coming out from the oven
at the beginning of the Zeeman slower coil (where its
magnetic field is maximum).
On the other hand, to implement the D1 sub-Doppler
cooling stage, we require the two frequencies that are
shown in the right side of Figure 3. We have a cooling
frequency blue-detuned from the transition 22S1/2(F =
3/2) → 22P1/2(F ′ = 3/2) by 5 Γ (about 30 MHz), and
a repumper frequency blue-detuned from the transition
22S1/2(F = 1/2) → 22P1/2(F ′ = 3/2) also by 5 Γ. Note
that we never use both D2 and D1 lines at the same time
and that the cooling and repumper frequencies of the D1
line are, evidently, also separated by 228.2 MHz. This
enables us to use exactly the same optical setup that
we employed to generate the D2 frequencies. We have
a second diode laser (same model than before) whose
light we superimpose, using a polarizing beam splitter
cube, onto the very same optical path of the D2 line laser.
Finally, the D1 light reaches the sample using the same
optical fibers that were used for the MOT. A simplified
sketch of our laser setup is presented in Figure 4.
As can be seen, we essentially set all the required fre-
quencies using three AOMs in double-pass configuration
[26]. These AOMs are also used to dynamically change
the frequency of these beams and implement the D2 op-
tical molasses and D1 sub-Doppler cooling stages, as ex-
plained in Section 3.1.
2.2.2. Generation of probing light
The most important diagnostic tool in cold atoms ex-
periments is imaging the samples using laser light. In our
case the preferred technique is absorption imaging due to
its simplicity and reliability [27, 28].
Absorption imaging consists in probing the sample us-
ing a collimated laser beam whose frequency is resonant
to some atomic transition. To produce the image, we
pulse this light on the atoms during a short time (of
the order of 5 µs). The atoms will absorb some of the
5light, generating an absorption profile on the beam. Fi-
nally, the light is collected by a telescope that creates
an image of such absorption profile on a CCD camera
(model MANTA G-145 NIR from Allied Vision Technol-
ogy GmbH). The density profile of the gas can be ex-
tracted from this image [27].
In our experiment we want to produce samples at dif-
ferent interaction regimes across the BEC-BCS crossover.
This is done by applying an external magnetic field that
changes the value of the scattering length by means of
a Feshbach resonance. This magnetic field, in turn, will
also cause a Zeeman splitting on the electronic levels of
the atoms. Hence, probing the atoms at different inter-
action regimes poses the necessity of generating different
light frequencies to keep the imaging light resonant with
the atoms.
To do so, we use the Zeeman slower beam which al-
ready has a considerable shift of −76 Γ. We divert a
fraction of this beam using a polarizing beam splitter be-
fore it is coupled into the Zeeman slower optical fiber,
as shown in Figure 4. Next, this diverted beam passes
through additional AOMs that will further shift the fre-
quency to match it to the specific magnetic field in which
we want to probe the atoms. This configuration of AOMs
allows to tune the frequency of the probing light at differ-
ent values within the range from 0 to −220Γ from the D2
transitions. In this way, we are able to produce images at
practically any magnetic field from 200 G to 1200 G and
also at the vicinity of zero magnetic field. In this way,
as can be seen in Figure 1, we can image the sample in
all the superfluid regimes across the BEC-BCS crossover,
and also at weakly interacting regimes in which the gas
is simply a Fermi degenerate gas but not a superfluid.
Finally, it is important to mention that the mag-
netic field used to access the BEC-BCS crossover is high
enough to ensure that the hyperfine splitting of the atoms
is well within the Paschen-Back regime, where the sep-
aration between the |1〉 and |2〉 states remains almost
constant at approximately 76 MHz. For this reason, we
can probe both spin states in any magnetic field through
the Feshbach resonance.
2.3. Magnetic field generation system
We employ three different sets of coils to generate all
the required magnetic fields to trap and manipulate the
atoms. We describe each of them in the following sec-
tions.
2.3.1. Zeeman slower magnetic field
We use a Zeeman slower stage to decelerate the atomic
beam coming out from the effusive oven. As mentioned in
the previous section, the detuning of the Zeeman slower
laser beam is δZ = −76Γ for both cooling and repumper
frequencies. The corresponding magnetic field along the
FIG. 5: (a) Scheme of the coils of our Zeeman slower, the
number of windings of each coil is indicated in the format
H × V , where V denotes the number of layers in the vertical
direction and H provides the number of turns in each layer.
(b) Axial component of the magnetic field generated along
the Zeeman slower, the blue dots are the experimental data,
the orange dashed line is the simulated field for this coil con-
figuration and the solid green curve is the ideal magnetic field
obtained through Eq. (1). The data uncertainty is of 1% how-
ever the corresponding error bars are not visible at this scale.
(c) Evolution of the speed of the atoms propagating through
the Zeeman slower, the dashed horizontal line indicates the
capture velocity of the MOT.
direction of propagation of the atomic beam (direction
z) is designed to decelerate atoms with velocities up to
v0 = 960 m/s at a constant deceleration a ≈ h¯kΓ/2m [29]
through the formula [19]:
B(z) =
h¯
µB
(
δZ + k
√
v20 − 2az
)
, (1)
where µB is the Bohr magneton and k is the wavevector of
the cooling frequency of the slower light. In this formula
we only consider the cooling frequency since it is the one
responsible for the deceleration of the atoms.
The mean velocity of the atoms coming out from the
oven is v¯ ' 1540 m/s, which is higher than the maximum
6velocity v0 we can decelerate in our slower. This means
that, in the best case, we can only slow down about 20%
of the atoms. This is not a problem since the flux of
atoms effusing from the oven is very large, about 6 ×
1015 atoms/s, so we can still efficiently load our magneto-
optical trap.
The magnetic field of the slower is generated by a suc-
cession of eight size-decreasing coils connected in series
and an extra ninth coil at the end of the slower in which
the current circulates in opposite direction, inverting in
this way the direction of the magnetic field. This is
known as “spin-flip configuration” [30, 31]. All nine coils
are wound directly onto the slower UHV tube using 1 mm
diameter cooper wire. The coils are held together using a
thermal conducting and electric insulating ceramic epoxy
(DuralcoTM 128). The total current passing through each
coil is of the order of 2.0 A to generate a field which goes
from a maximum around 600 G to a minimum of about
−250 G.
Figure 5 (a) shows a scheme of the coil configuration of
our Zeeman slower. Figure 5 (b) presents the generated
magnetic field. Finally, Figure 5 (c) exhibits the calcu-
lated velocity profile of the decelerated atoms through
their propagation along the slower.
2.3.2. Magnetic quadrupole
To produce the magneto-optical trap we use a
quadrupole magnetic field whose axial gradient at the
center of the trap is ∂Bz(z)/∂z|z=0 ' 28 G/cm. This
field is generated by two small coils of 6 × 4 windings
connected in anti-Helmholtz configuration. Each of these
coils is mounted in a cylindrical water-cooled support
to prevent them from heating. This support is made of
TeflonTM, which is a non-magnetic and insulating mate-
rial, this prevents eddy currents from being induced in it
when the quadrupole field is abruptly varied. Both sup-
ports are mounted inside the reentrant viewports of the
main chamber, along the vertical direction. The coils are
wound with strip-shaped copper wire of 4 mm × 1 mm
and held together with ceramic epoxy (DuralcoTM 128).
Figure 2 shows the position of these coils in the main
chamber.
2.3.3. Feshbach resonance magnetic field
As already mentioned, one of the important advantages
of ultracold lithium gases is the possibility of controlling
interatomic interactions with a high degree of precision
by means of a Feshbach resonance [3]. 6Li presents sev-
eral Feshbach resonances whose characteristics depend
on the internal state of the interacting atomic pair. We
will use the resonance between states |1〉 and |2〉, shown
in Figure 1, centered at 832 G. So we need an extra set
of coils that are able to produce an uniform magnetic
field with any value from zero to 1000 G in order to have
full control of all interaction regimes. To do so we have a
pair of coils connected nearly at Helmholtz configuration.
We deliberately move slightly away from the Helmholtz
configuration so the magnetic field presents a small cur-
vature, which will be useful to confine the atoms along
the weak direction of our optical dipole trap; right at
the Feshbach resonance, at 832 G, this curvature along
the coils axis direction is B′′z (0) = 6.2 G/cm
2, while the
corresponding magnetic gradient is nearly zero (see Sec-
tion 2.4 for more details).
The Feshbach coils are made by 4 mm square section
copper wire. This wire is hollow, with an internal diam-
eter of 2 mm, which allows cooling the coil by circulating
cold water inside the wire. These coils were fabricated
by the company Oswald Elektromotoren GmbH and each
of them is embedded in an insulating resin that avoids
the induction of undesired eddy currents. We can circu-
late a current above 200 A without noticing any signifi-
cant heating of the coils. This thermal stability together
with a PID feedback loop makes possible to produce mag-
netic fields with a stability of one part in 104. We place
these coils along the vertical direction, colinear to the
quadrupole field coils. Figure 2 shows each of the em-
ployed set of coils and their position in the experimental
setup.
2.4. Conservative trapping potential
We produce the quantum degenerate fermionic system
in a conservative trap generated by the combination of
an optical potential and a magnetic curvature.
The optical potential consists in a far red-detuned
single-beam optical dipole trap (ODT) created by fo-
cusing a gaussian infrared laser beam [20]. We use a
single mode ytterbium-doped fiber laser from IPG Pho-
tonics Corp. (model YLR-200-LP) which delivers up to
200 W of continuum linearly polarized infrared light at
λ = 1070 nm. The beam of this laser is coupled into
an acousto-optic modulator and the first diffracted or-
der is used to produce the optical trap. We use a quartz
crystal AOM that withstands very high intensities, above
1 GW/cm2, from the company Gooch & Housego (model
I-M080-2C10G-4-AM3 ). The diffraction efficiency of
this AOM and, consequently, the power of the ODT, is
manipulated by controlling the amplitude of the RF sig-
nal that drives the modulator using an external analog
signal. To stabilize the power of this diffracted order, we
employ a PID circuit driven by the signal of a photodi-
ode (Thorlabs, model DET36A) that detects the small
fraction of the light of this beam that is transmitted by
a 99.9% reflection mirror.
Next, we collimate the beam at a diameter of approx-
imately D = 5.5 mm and finally use a f = 40 cm focal
length lens to focus the light on the atoms. The beam
waist at focus is w0 = 2λf/piD ' 50 µm, which corre-
sponds to a Rayleigh length of zR = piw
2
0/λ = 7.34 mm.
The trap frequencies of this single beam ODT along
7the radial and axial directions are given, respectively, by
[20]
ωrODT =
√
4U0
mw20
and ωzODT =
√
2U0
mz2R
, (2)
where U0 is the depth of the trapping potential and it is
given by [20]
U0 =
(
3pic2Γ
2ω30∆ω
)
I0, (3)
where ω0 is the frequency of the lowest energy optical
dipole transition of the 6Li atom, which corresponds to
the D1 transition, Γ is the natural linewidth of such tran-
sition and ∆ω = ω0 − ω is the detuning between such
transition and the ODT laser frequency ω. Finally, I0 is
the intensity of the ODT beam at focus, I0 = 2P/piw
2
0,
where P is the power of the ODT laser.
This trap provides a tight confinement along the radial
direction of the beam, however, along the axial (or propa-
gation) direction it is very weak. For instance, at the end
of the evaporative cooling where the power of the ODT
laser is approximately P = 35 mW (see Section 3.2.2 ),
the radial and axial frequencies of the optical trap re-
spectively are ωr = 2pi × 163 Hz and ωz = 2pi × 0.94 Hz,
which would provide an extremely elongated sample with
an aspect ratio larger than 1:160.
For this reason, we add to the optical potential a mag-
netic curvature that provides a better confinement along
the axial direction. As mentioned in Section 2.3.3 , we
produce such curvature by setting the Feshbach coils
slightly off the Helmholtz configuration. In this way,
we create a saddle-point magnetic potential of the form
[28, 32]
Umag(r, z) =
m
2
(
ω2zmagz
2 − ω2rmagr2
)
, (4)
where the trap frequencies are determined by the curva-
ture of the field component along the corresponding di-
rection, i.e. ω2zmag = µB
′′
z (0)/m and ω
2
rmag = µB
′′
r (0)/m,
being m the mass of 6Li atom and µ the magnetic mo-
ment of the trapped state which, in general for the ground
state of alkali atoms, is of the order of the Bohr magne-
ton, µ ∼ µB .
Note from Eq. (4) that along the radial direction we
have an “anti-curvature” which will tend to deconfine the
atoms along that direction. The total frequencies of our
hybrid trap will be given simply by
ωr =
√
ω2rODT − ω2rmag and ωz =
√
ω2zODT + ω
2
zmag . (5)
In our experiment, once the quantum sample is pro-
duced, we have that the radial optical confinement is
much larger than the magnetic one (ωr ≈ ωrODT ), and,
vice versa, along the axial direction the confinement is
dominated by the magnetic component (ωz ≈ ωzmag ).
The axial curvature generated for the fields used to
access the BEC-BCS crossover is of the order of B′′z (0) =
6.2 G/cm2 which, superimposed to the ODT potential,
translates into a total axial frequency of ωz ' 2pi×11 Hz.
In this way we obtain a cigar-shaped quantum sample
whose aspect ratio, of the order of 1:15, is appropriate
for our goals.
3. METHODS AND RESULTS
In the following sections we provide details on the ex-
perimental procedures employed to produce the ultracold
samples.
In a very general way, the production of the quantum
sample can be divided into two main processes: (i) an
initial laser cooling stage mediated by absorption and
reemission of light, explained in Section 3.1 , and (ii)
transference into a conservative potential and cooling by
forced evaporation, presented in Section 3.2
3.1. Implementation of laser cooling technique
In this first cooling process we are able to produce
atomic samples at temperatures as low as 40 µK con-
taining 4.5 × 108 atoms with a density of the order of
4.5× 109 atoms/cm3, which correspond to a phase-space
density of about 6.6 × 10−6. We provide details on the
laser cooling procedure in the following sections.
3.1.1. Zeeman slower and magneto-optical trapping
Zeeman slower operation: The quantum sample
generation process starts by heating the lithium sample
contained in the oven of our UHV system to 450◦C. This
generates a high temperature atomic beam that propa-
gates through the UHV system towards the main cham-
ber. The atoms of this beam undergo a first cooling
process as they are decelerated by our Zeeman slower.
Along the slower, a laser beam propagates in the oppo-
site direction to the atomic beam. This laser carries two
different frequencies, both of them red-detuned by 76 Γ
(∼446 MHz) from the cooling and repumper transitions
of the D2 line. Each of these frequencies has a power of
40 mW and carries positive circular polarization σ+. In
this way, we are able to decelerate all the atoms from
velocities classes under 960 m/s to speeds of the order
of 40 m/s, well below the 60 m/s capture velocity of the
MOT, as shown in Figure 5(c).
We found that controlling independently the electric
current of the spin-flip coil provides better results. Best
results are obtained using a current of 2.0 A for the spin-
flip coil and 2.9 A for all other coils, which optimize the
8FIG. 6: Top view scheme of the main chamber, showing the
configuration of the MOT beams (D1 and D2 beams), the
imaging beam, the Zeeman slower beam and the ODT beam.
MOT and Feshbach coils were omitted for clarity. The third
pair of MOT beams is perpendicular to the plane of this
scheme and, hence, not shown.
number of loaded atoms into the MOT and minimize the
corresponding loading time.
Loading of the magneto-optical trap: The de-
celerated atoms arrive into the main chamber where we
capture them and further cool them in a magneto-optical
trap (MOT) [19]. To implement the MOT we use three
retroreflected mutually perpendicular laser beams with a
diameter of D = 2.3 cm, as shown in Figure 6.
The MOT beams carry two frequencies: a cooling fre-
quency, red-detuned from the 22S1/2(F = 3/2)→ 22P3/2
transition, and a repumper frequency, red-detuned from
the 22S1/2(F = 1/2) → 22P3/2 transition. We use the
standard σ+/σ− polarization configuration. We deter-
mine the value of the detunings by maximizing the num-
ber of atoms N loaded into the MOT and by trying to
keep the temperature of the sample T as low as possible.
Figure 7 (a) shows N and T as a function of the cooling
light detuning δcool. From these measurements we deter-
mine δcool = −8.6 Γ (∼ −50 MHz) and δrep = −8.4 Γ as
the optimal values.
The power of each MOT beam is about P = 33 mW
for each frequency, whose intensity IMOT = 4P/piD
2 '
7.9 mW/cm2 is well above the saturation intensity of this
transition (ID2s = 2.54 mW/cm
2). The quadrupole mag-
netic field of the magneto-optical trap is generated by the
coils in anti-Helmholtz configuration described in Sec-
tion 2.3.2. We also determine the optimal parameters
of this field by maximizing the number of atoms in the
sample while keeping its temperature as low as possible.
Figure 7 (b) shows a measurement of N and T as a func-
tion of the axial gradient of the quadrupole field, showing
that the value ∂Bz(z)/∂z|z=0 ' 28 G/cm is optimal.
As a result, after a loading time of 8.6 s we manage to
capture up to N = 5× 109 atoms in the MOT at a tem-
perature, still relatively high, of T = 7 mK and atomic
density of n = 7.5 × 1010 atoms/cm3. The phase space
FIG. 7: Number of atoms N (red dots) and temperature T
(black triangles) of the atoms of the MOT as a function of (a)
the detuning of the cooling light and (b) the axial gradient
of the quadrupole magnetic field. In these plots, the error
bars correspond to one standard deviation of ten independent
measurements.
density of the system is still very low, of the order of
PSD = nλ3dB = 4.7 × 10−8, where λdB = h/
√
2pimkBT
is the thermal de Broglie wavelength. In these measure-
ments, as well as in all those presented in this paper,
the temperature is obtained using the time-of-flight tech-
nique [27].
3.1.2. Doppler and sub-Doppler cooling
In order to further cool down the sample and increase
its phase space density, the gas undergoes two different
additional laser cooling processes. We first apply an op-
tical molasses cooling process based on the D2 laser line
that allows approaching the Doppler limit temperature
[19]. Next, we implement a gray-molasses technique, em-
ploying the D1 line transitions to reach sub-Doppler tem-
peratures [33–35]. We provide details in the two following
sections.
D2 optical molasses cooling: The theoretical
Doppler temperature limit for our sample is given by
TD = h¯Γ/2kB = 140.9µK. To reach this limit it is nec-
essary to lower the intensity of the MOT light to min-
imize light-scattering heating, so the MOT light inten-
sity should be much lower than the saturation intensity
9ID2s = 2.54 mW/cm
2. Also, the cooling light must be
detuned near to resonance, having an optimal value at
δcool = −Γ/2. The process needs to be done in absence
of any magnetic field.
After loading the MOT we abruptly switch off the
quadrupole magnetic field (we also switch off the Zeeman
slower magnetic field 400 ms before to guarantee the ab-
sence of any magnetic field in the sample region). Simul-
taneously, we decrease the intensity of the MOT beams
and shift the value of cooling and repumper frequencies
towards resonance. Figure 8 (a) shows the effect on N
and T of the intensity reduction, while Figures 8 (b) and
(c) present the corresponding effect of the frequency shift
of both MOT frequencies.
As we can see, an important temperature drop is ob-
served when the intensity of the light decreases. Con-
cerning the frequency shift, as long as we keep the detun-
ing below −2 Γ, the number of atoms remains approxi-
mately constant while temperature decreases. We deter-
mine that the best values for intensity are Icool ' 0.35ID2s
for cooling light and Irep ' 0.3ID2s for repumper, while
the optimal frequency detuning is δcool = δrep = −2 Γ.
We also found that the optimal duration of this molasses
process is 850µs; if shorter, the temperature does not
reach the minimum possible value, and if longer we start
losing atoms.
Under these conditions, we are able to cool down about
6 × 108 atoms to a temperature of about 500µK. The
dashed black curve in Figure 8 (b) shows the theoret-
ical Doppler limit, compared to which our experimen-
tal points lie above for the entire range of the detuning
of cooling light considered. In other elements, such as
as rubidium or cesium, it is observed not only that the
Doppler limit is reached but even sub-Doppler tempera-
tures are attained due to the emergence of the Sisyphus
sub-Doppler cooling mechanism [36]. For lithium this
molasses scheme is not very efficient because the hyper-
fine levels of the state 22P3/2 cannot be well resolved,
since their separation is smaller than Γ. This limits the
efficiency of the cooling process and keeps the sample
well above the Doppler limit. The increase of the phase
space density is also not very good, and we improve only
by a factor of 2, being of the order of PSD = 1 × 10−7.
For this reason, we apply a second laser cooling technique
that uses the D1 line transitions, known as gray molasses,
that allows true sub-Doppler cooling [34, 35].
D1 gray molasses sub-Doppler cooling: Gray-
molasses cooling is a two-photon process in Λ config-
uration (see Figure 3) which combines both, Sisyphus
cooling [36] and Velocity Selective Coherent Population
Trapping (VSCPT) [37] as cooling mechanisms. More
details can be seen in references [35, 38]. In few words,
the cooling process occurs in the following way. On the
one hand, the Λ scheme creates two coherent states, a so-
called “bright state” that interacts with the light fields
and a “dark state” which doesn’t. The transition prob-
ability from the dark to the bright state depends on the
square of the momentum of the atoms, having as a con-
FIG. 8: Number of atoms N (red dots) and temperature T
(black triangles) of the atoms of the MOT after the D2 opti-
cal molasses as a function of (a) the intensity of the cooling
light and the detuning of (b) the cooling light and (c) the re-
pumper light. The dashed black curve in (b) corresponds to
the theoretical Doppler limit for the temperature of our sam-
ple. In these plots, the error bars correspond to one standard
deviation of ten independent measurements.
sequence that the slowest atoms accumulate in the dark
state. In other words, we have a velocity selective pro-
cess that protects the slowest atoms from light-assisted
heating.
On the other hand, the D1 light gets to the atoms
through the same optical fibers used to produce the MOT
(see Section 2.2 ), and hence they generate a 3D polariza-
tion gradient. This allows a Sisyphus-like cooling scheme
between bright and dark states which decreases the mo-
mentum of the atoms. In this way, while the Sisyphus
cooling mechanism decreases the momentum of the atoms
of the gas, the VSCPT process accumulates the slowest
10
atoms in a dark state. This significantly decreases the
temperature of the sample.
In our experiment, we implement this cooling stage
immediately after the D2 molasses stage. We specifically
use the D1 transition frequencies 2
2S1/2(F = 3/2) →
22P1/2(F
′ = 3/2), which we call “cooling” frequency, and
22S1/2(F = 1/2) → 22P1/2(F ′ = 3/2), which we call
“repumper”. This nomenclature is inherited from the
standard molasses. Both frequencies are blue detuned,
the cooling frequency by δ1 and the repumper light by δ2.
Another important parameter is the difference between
these detunings that we define as δ = δ1 − δ2.
To characterize the gray-molasses we start by fixing
δ1 = +5.7 Γ and keeping the repumper intensity low, at
about Irep = 0.06I
D1
s , and the cooling intensity at its
maximum value of the order of Icool ' ID1s . The satura-
tion intensity for the D1 line is I
D1
s = 7.59 mW/cm
2. We
then measure the number of atoms and the temperature
of the sample as the detuning difference δ varies. The
results are shown in Figure 9.
We can see that the temperature follows a Fano-like
profile, reaching a minimum at δ = 0 (i.e. at δ2 = δ1),
the so called Raman condition, in which the temperature
is as low as 40µK. Although the number of atoms does
not reach its maximum at the Raman condition but at
δ ≈ −0.25 Γ, we still have a very good efficiency of the
process at δ = 0, being able to cool about 75% of the
atoms. These results are expected, as previously reported
for the case of 6Li [35], and other atomic species such as
40K [33] and 7Li [34]. Notice that the plot of Figure 9 has
no data points in the interval 0.4 < δ < 0.8, as explained
in reference [35], in this range the energy of the dark state
becomes larger than the energy of the bright state and in
consequence the VSCPT process significantly heats the
cloud. In this range, the temperature becomes so high
that time-of-flight measurements become very difficult
to analyze and the measurement of N and T cannot be
performed. Notice how the error bars of the data around
that range consistently increase.
We also measure the effect of changing the cooling de-
tuning δ1 while keeping the Raman condition δ = 0.
Both the number of atoms and the temperature re-
main constant in a wide interval of frequencies, showing
the robustness of the gray-molasses process. We chose
δ1 = +5.7 Γ for it is the value at which our acousto-optic
modulators attain maximum efficiency.
The duration of the gray molasses is also an important
parameter. We observe that after 400µs, the efficiency
of the process becomes nearly constant and better results
are obtained for a duration time of 1 ms.
For the next stages, it is important to have all the
atoms of the sample in the F = 1/2 hyperfine state of the
ground state 22S1/2 because the Feshbach resonance that
we will use is present between its two magnetic sublevels.
To do so, we switch off the D1 repumper light 50µs before
the D1 cooling light, so we manage to concentrate nearly
95% of the atoms in the F = 1/2 hyperfine level.
To summarize, after the whole laser cooling process, we
FIG. 9: Number of atoms (red dots) and temperature (black
triangles) of the sample as a function of the detuning between
cooling and repumper light during gray molasses sub-Doppler
cooling stage. The error bars correspond to one standard
deviation of ten independent measurements
are able to produce a sample containing about 4.5× 108
atoms in the hyperfine F = 1/2 state at a temperature of
40 µK. The phase space density increased considerably to
PSD ' 6.6× 10−6. This represents an excellent starting
point for the subsequent cooling stages.
Table I presents the list of all the parameters employed
in the laser cooling process.
3.2. Cooling the sample to quantum degeneracy
After theD2 andD1 cooling stages, the sample is ready
to be transferred into a conservative potential in which
evaporative cooling can be applied and quantum degen-
eracy is achieved. In the following sections we explain
how this process is done in our setup.
3.2.1. Transference into the conservative trap
As explained in Section 2.4 , our trap is created as
the composition of a single-beam optical dipole trap and
a magnetic curvature, which provide, respectively, radial
and axial confinement.
During the D1 cooling process we ramp the power of
the optical dipole trap (ODT) to 160 W in 7 ms. The
beam is focused right at the center of the atomic cloud,
as shown in Figure 6. Once the power of the optical
beam has reached its maximum value, we ramp the Fes-
hbach magnetic field to 832 G in 50 ms. This field corre-
sponds to the unitary limit in which the scattering length
diverges, which is optimal for the following evaporative
cooling stage because the collision rate is maximized and
the thermalization process is optimized.
When the magnetic field is ramped up, the F = 1/2 hy-
perfine state splits into the two states |1〉 and |2〉, where
|1〉 has lowest energy for all magnetic fields. In the mag-
netic fields that we employ these states are well within
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TABLE I: Optimized parameters of the optical cooling stages.
Cooling stage Parameter Optimal Value
MOT
∂Bz(z)/∂z|z=0 28 G/cm
δcool -8.6 Γ
δrep -8.4 Γ
Loading time 8.6 s
N 5× 109 atoms
T 7 mK
PSD 4.7× 10−8
D2 Molasses
δcool -2 Γ
δrep -2 Γ
Icool 0.35 I
D2
s
Irep 0.30 I
D2
s
Duration 850µs
N 6× 108 atoms
T 500µK
PSD 1× 10−7
D1 Gray molasses
δ1 +5.7 Γ
δ2 +5.7 Γ
Icool I
D1
s
Irep 0.06 I
D1
s
Duration 1 ms
N 4.5× 108 atoms
T 40µK
PSD 6.6× 10−6
the Paschen-Back regime, so the energy difference be-
tween them remains almost unchanged. Moreover, if the
ramp of the magnetic field is adiabatic, both states are
nearly equally populated, so we create a well balanced
mixture.
The Feshbach field curvature provides an axial har-
monic confinement of about ωzmag = 2pi × 11 Hz. This
confinement, of course, is negligible at the beginning
of the ODT loading since at such high power the con-
finement provided by the optical trap is much higher,
ωrODT ' 2pi × 10 kHz and ωzODT ' 2pi × 87 Hz (see
Eq. (5)), however, the magnetic confinement becomes
more and more important as we apply the evaporative
cooling process in which the power of the ODT laser
beam is gradually decreased.
After the optical and magnetic fields have been ramped
up, we trap about 3× 106 atoms in the conservative po-
tential, which means that our trapping efficiency is of the
order of 1%. We hold the atoms in this trap for 20 ms
to let them settle in the minimum of the potential. At
this point we can implement the evaporative cooling pro-
cess [39], which is the last step before reaching quantum
degeneracy. Since the trap increases the density of the
sample, we observe a considerable increase of the tem-
FIG. 10: Absorption imaging of the atoms transferred to the
optical dipole trap (horizontal darker region) from the laser
sub-Doppler cooled sample (round lighter region). The color
gradient corresponds to the optical density of the sample ac-
cording to the color bar on the right.
perature of the sample to about 200µK. Figure 10 shows
an absorption image of the atoms from the sub-Doppler
cooled sample transferred into the ODT beam.
3.2.2. Evaporative cooling
Evaporative cooling is performed by ramping down the
ODT power while keeping the magnetic field at 832 G. To
achieve runaway evaporation it is fundamental that the
collision rate does not decrease as the atoms are evapo-
rated, this means that the density of the cloud needs to
increase as its temperature is reduced. To guarantee this
condition, the evaporation process must be performed
slow enough for thermalization to occur. At the same
time, the evaporation has to be the main loss process, so
it cannot be too slow for the background-vapor collisions
with the sample to be important. A good quantity to
evaluate the effectiveness of the evaporation process is
the phase space density, PSD = nλ3dB ∝ n/T 3/2, which
must increase as the evaporation is applied [39].
The evaporative process is performed by concatenat-
ing three exponential ramps, as shown in the blue curves
of Figure 11. The first ramp goes from 160 W to 35 W in
300 ms having a characteristic time of τ1 = 125 ms (dot-
ted curve in Fig. 11); the second ramp, from 35 W to 10 W
in 1.0 s, with τ2 = 440 ms (dashed curve), and finally, a
very slow ramp from 10 W to a variable value of the or-
der of P0 = 35 mW in 2.6 s, with τ3 = 2000 ms (solid
curve). The total duration of the evaporation process is
3.8 s. These parameters are determined by maximizing
the phase density of the system. The black data points
in Figure 11 shows how the measured PSD increases as
the evaporation proceeds. Notice that PSD ≥ 1 at the
end of the last ramp, indicating the onset of quantum
degeneracy.
At the end of the third evaporation ramp we adia-
batically ramp the Feshbach field to the corresponding
value in order to produce a sample in any desired inter-
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FIG. 11: Blue curves: Plot of the evaporation ramps per-
formed by decreasing the power of the optical dipole trap
(not a measurement), see text for details. Black data points:
Measurement of the phase space density of the system during
evaporation. For these measurements, the uncertainty is of
the order of 10%, corresponding to one standard deviation of
ten independent measurements, however, the error bars are
not visible at the scale of the graph.
action regime across the Feshbach resonance; this mag-
netic ramp lasts about 300 ms. The regimes that we are
interested in exploring are within the interval of 670 to
900 G, which contains the BEC-BCS crossover.
By changing the value of the Feshbach field, we also
modify the curvature of the magnetic field; however, it
changes less than a 10% within the mentioned interval of
interest, which means that we do not significantly modify
the geometry of the trap as we change the scattering
length. Of course, as can be seen from Equation (5), the
frequencies of the trap depend on the power of the ODT,
which in turn, determines the temperature and degree of
degeneracy of the sample.
After the evaporative cooling process we are able to
produce quantum degenerate superfluid samples contain-
ing about N = 5× 104 atomic pairs at a temperature of
the order of T/TF = 0.1 (which corresponds for this value
of N to approximately 20 nK) and a phase space density
well above the unity, of the order of PSD ≈ 10, demon-
strating the fully degenerate nature of our sample. The
trap frequencies are ωr = 2pi × 163 Hz and ωz = 2pi × 11
Hz, which means that our sample is cigar-shaped with an
aspect ratio of the order of 1 : 15. The duty cycle of our
experiment is shorter than 14s.
3.2.3. Superfluids across the BEC-BCS crossover
As mentioned in the previous section, we select the in-
teracting regime of the produced sample at the end of
the last evaporation ramp by means of the Feshbach res-
onance that allows us to set the value of the scattering
length as. As explained in Section 2.2.2 , we are able
to produce and probe samples at practically any mag-
netic field up to 1200 G. Specifically, as we explain be-
low, we are able to produce ultracold superfluid samples
FIG. 12: Absorption images of the atomic samples (right
pictures) and their corresponding integrated density profile
(left graphs) as temperature is decreased. Upper panels:
thermal gas above critical temperature TC . Middle pan-
els: gas just below the critical temperature, notice the bi-
modal gaussian-parabolic distribution. Lower panels: molec-
ular Bose-Einstein condensate well below the critical temper-
ature, the parabolic distribution is dominant and the gaussian
one is barely noticeable. The color gradient corresponds to
the optical density of the gas. All pictures were taken after a
time-of-flight of 15 ms. In the graphs, the dashed black line
corresponds to a fitting of only the gaussian wings, while the
orange solid line to the bimodal distribution.
within the interaction range of −0.65 ≤ (kF as)−1 ≤ 7.6,
which means that we can produce samples from the deep
(weakly interacting) BEC regime to the strongly inter-
acting BCS regime, passing, of course, through unitarity
at (kF as)
−1 = 0. Clearly, we have access to most of the
crossover region, −1 ≤ (kF as)−1 ≤ 1, corresponding to
the magnetic field interval 790 G to 900 G.
Evidently, the most important point here is to achieve,
at every interacting regime, temperatures that are be-
low the critical superfluid temperature, TC . On the deep
BEC side, (kF as)
−1 > 1, the critical temperature is ap-
proximately T BECC ' 0.52TF and it is nearly independent
of the scattering length [1, 40]. The minimum tempera-
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FIG. 13: Absorption images of quantum degenerate atomic samples (upper pictures) and their corresponding integrated density
profile (lower graphs) as the scattering length is varied across the BEC-BCS crossover. Left panels: Bose-Einstein condensate
of molecules at (kF as)
−1 ≈ 7.6, the bimodal and gaussian fits are shown as a solid orange and black dashed lines, respectively.
Middle panels: superfluid gas at unitarity at (kF as)
−1 ≈ 0.01. Right panels: ultracold gas at the BCS side of the Feshbach
resonance at at (kF as)
−1 ≈ −0.37. The color gradient corresponds to the optical density of the gas. All pictures were taken
after a time-of-flight of 20 ms.
ture attainable in our experiment, T/TF = 0.1, remains
well below T BECC . In this case, the density profile of the
cloud exhibits the very characteristic bimodal distribu-
tion [1]. The condensed fraction presents a parabolic
sharp density profile that arises from the Thomas-Fermi
approximation, while the non-condensed thermal atoms
follow a gaussian Maxwell-Boltzmann distribution, which
we use to estimate the temperature of the cloud in time-
of-flight (TOF) imaging [27]. These features can be seen
in Figure 12. The weakest interacting BEC that we
can produce corresponds to a magnetic field of 670 G for
which as = 1080 a0 and (kFas)
−1 = 7.6. For lower mag-
netic fields the lifetime of the molecular condensate is
too short to perform any typical experiment (it is shorter
than 100 ms, while in any other regime described here, it
is of the order of 1.5 s).
As the scattering length increases, within the BEC-
BCS crossover range, and specially right at unitarity, this
well defined bimodal distribution starts to wash out and
becomes broader due to strong interactions [4, 41–43].
In this regime, it is not possible to discriminate between
the superfluid fraction and the thermal fraction, and the
density profile looks nearly Gaussian. However, we know
that we are in the superfluid regime due to the following
consideration. On the vicinity of the unitary limit the
critical temperature is given by TUC ' 0.167TF [44], which
again, is above the temperature of our sample.
In contrast, on the BCS side of the crossover, the crit-
ical temperature is given by [4, 45]:
T BCSC ' 0.28TF e−pi/2kF |as|, (6)
so it exponentially decays as the quantity |kF as|−1 in-
creases. For instance, at (kF as)
−1
= −0.65, the critical
temperature for the superfluid state is T BCSC /TF ≈ 0.1,
which is comparable to the minimum achievable tem-
perature of our setup. In consequence, we cannot ac-
cess the deep (weakly interacting) BCS superfluid regime
because the critical temperature is below the techni-
cal limit of our experiment. This means that in our
setup, superfluid regimes are attainable within the range
−0.65 ≤ (kF as)−1 ≤ 7.6. Figure 13 shows a sequence of
absorption images of a superfluid at T/TF = 0.1 contain-
ing N = 5 × 104 atomic pairs, as the scattering length
changes from the BEC to the BCS regimes across the
crossover.
Besides the considerations concerning the critical tem-
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perature that we have presented here, we have also per-
formed an additional measurement that ensures that all
the observed regimes present superfluidity. Right after
releasing the atoms from the trap, we have performed a
fast Feshbach magnetic field ramp from the strongly in-
teracting regimes into the deep BEC side [46, 47]. As
result of this ramp, the many-body wave function of the
system is projected onto the far BEC side of the reso-
nance. In all cases we observe the characteristic BEC bi-
modal distribution in the density profile, indicating that
at unitarity and its vicinity we always have condensation
of atomic pairs.
4. CONCLUSION AND FUTURE
PERSPECTIVES
We have presented the experimental setup and meth-
ods we use to produce and study ultracold fermionic su-
perfluid samples of 6Li. We are able to generate samples
containing 5 × 104 atomic pairs at temperatures as low
as T/TF = 0.1 at any superfluid regime across the BEC-
BCS crossover within a duty cycle shorter than 14 s. Our
setup combines versatility and state-of-art techniques,
which will allow us to study different aspects of quan-
tum matter.
As a future perspective, we plan to study topologi-
cal and hydrodynamic excitations such as quantized vor-
tices (see for instance [48, 49] and references therein).
We specifically want to understand how the dynamics of
these systems depend on the interacting regime as well
as on the temperature of the cloud. To carry out these
experiments, we need to expand the capabilities of our
imaging system. In particular, as a complementary tech-
nique to our current absorption imaging system, we will
implement the non-destructive phase contrast imaging
technique [27] that will allow us to perform several im-
ages of the same sample without perturbing it. This is
very important to address the dynamics of the superfluid
sample.
As a long term perspective, we plan to produce ultra-
cold samples of 7Li, a bosonic stable isotope of lithium.
This is possible because we have also placed purified 7Li
in our oven. The optical frequencies of the D1 and D2
lines of 7Li are very close to those of fermionic 6Li [23].
This means that with minor modifications on the optical
cooling setup we should be able to produce, alternatively,
bosonic ultracold samples of 7Li. This is very interest-
ing because this species also presents a broad Feshbach
resonance, opening the possibility to study very weakly
interacting bosonic systems, a regime that our current
setup does not offer and which represents an excellent
scenario to study the thermodynamic properties of the
superfluid to normal gas transition.
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